Abstract-The elastic properties of human tissue can be evaluated through the study of mechanical wave propagation captured using high frame rate ultrasound imaging. Methods such as block-matching or phase-based motion estimation have been used to estimate the displacement induced by the mechanical waves. In this paper, a new method for detecting mechanical wave propagation without motion estimation is presented, where the motion of interest is accentuated by an appropriate clutter filter. Thus, the mechanical wave propagation will directly appear as bands of the attenuated signal moving in the B-mode sequence and corresponding anatomical M-mode images. While only the locality of tissue velocity induced by the mechanical wave is detected, it is shown that the method is more sensitive to subtle tissue displacements when compared to motion estimation techniques. The technique was evaluated for the propagation of the pulse wave in a carotid artery, mechanical waves on the left ventricle, and shear waves induced by radiation force on a tissuemimicking phantom. The results were compared to tissue Doppler imaging (TDI) and demonstrated that clutter filter wave imaging (CFWI) was able to detect the mechanical wave propagating in tissue with a relative temporal and spatial resolution 30% higher and a relative consistency 40% higher than TDI. The results showed that CFWI was able to detect mechanical waves with a relative frequency content 40% higher than TDI in a shear wave imaging experiment.
I. INTRODUCTION

I
N THE last 20 years, the advent of high frame rate ultrasound imaging has allowed the study of high-speed physiological phenomena occurring in the human body. Concerning tissue imaging and characterization, improvements in high frame rate ultrasound imaging have permitted the visualization and thereby measurements of the elastic properties [1] .
Tissue elasticity imaging can be divided into two different approaches. The first approach consists of studying the propagation of artificially induced shear waves. This approach was first developed with a mechanical vibrator [2] , [3] able to induce low-frequency vibration of a few hundred hertz. Later, another approach called shear wave elasticity imaging (SWEI), based on the use of shear acoustic waves remotely induced by the radiation force of a focused ultrasonic beam, and able to induce mechanical waves at several kilohertz, has been introduced [4] - [6] and applied to different pathologies [7] - [10] . The second approach consists of studying the propagation of mechanical waves induced naturally by the human body itself. With the development of pulse wave (PWV) imaging, the velocity of the so-called PWV can be estimated, providing a quantitative evaluation of arterial stiffness [11] - [16] . In the domain of cardiac imaging, the velocities of different mechanical waves propagating along the heart wall have been studied [17] - [23] . More recently, a new approach using the permanent physiological noise of the human body, called passive elastography, has been developed [24] . All approaches involve two major steps [25] for the visualization and the velocity estimation of the mechanical waves: tissue motion estimation and mechanical wave velocity estimation. Phase-based and RF/B-mode cross correlation (CC) methods are the two main techniques used to estimate the beam axis motion generated by mechanical waves [25] . Tissue Doppler imaging (TDI) estimates the tissue motion in the beam direction by estimating the lag-one autocorrelation of the temporal IQ signals [26] . CC techniques, such as normalized CC, the sum of squared differences, and the sum of absolute differences [27] , [28] , are based on locating the corresponding segment of data from the current frame in consecutive frames. Each approach has its advantages and disadvantages. TDI is generally recognized as a method sensitive to beam angle and needs a high frame rate to avoid aliasing [29] . However, TDI techniques provide inherent subpixel displacement estimation and are computationally inexpensive [29] . Two-dimensional CC techniques are not sensitive to beam angle and provide the estimation of larger displacements without aliasing. However, even though fast CC techniques have been developed [30] , the CC methods require substantially more processing time and require additional subpixel displacement estimation [11] .
Since knowing the absolute tissue velocity is not required for the estimation of wave velocity propagation, we propose a technique able to detect the mechanical wave propagation without tissue velocity estimation. Our method consists of applying a carefully designed temporal clutter filter to the IQ data, where the transition band is used to accentuate the desired band of tissue velocities. The wave propagation is then visible as low-intensity bands moving in the resulting B-mode sequences and can be measured in the corresponding anatomical M-mode display as for previous approaches.
The objective of this paper is to present this clutter filter wave imaging (CFWI) approach, to evaluate it on three mechanical wave applications, and to compare the results with TDI. Initially, CFWI is evaluated for a tissue-mimicking phantom where shear waves were induced by radiation forces. The detection of the mechanical waves was quantitatively This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see ht. tp://creativecommons.org/licenses/by/4.0/ achieved through the estimation of the group velocity and shear wave dispersion curves. Then, CFWI was tested in vivo in two experiments with healthy volunteers. First, the detection of the forward, backward, and dicrotic notch waves was quantitatively achieved, and the effects of the spatiotemporal filter and CFWI cutoff frequency were evaluated in data from the carotid artery. Second, two naturally occurring mechanical waves, induced at the aortic valve closure (AVC) and the atrial contraction during (a waves), were detected and measured in the left ventricle.
In the following, Section II presents the CFWI principle and method. Then, Section III briefly reviews the comparative approach, and the mechanical wave velocity estimation method before presenting the three different experiments performed in this work. Finally, the results are shown in Section IV and are discussed in Section V.
II. CLUTTER FILTER WAVE IMAGING
A. Principle
Clutter rejection filtering (CRF) techniques were initially used in RADAR applications to suppress received signal from stationary targets (clutter) in order for the detection of moving targets [31] . In ultrasound medical imaging, CRF is similarly necessary and still a challenge in blood flow imaging [32] , and it is also partly used in TDI to avoid underestimation of tissue velocities. Several types of filters have been proposed, such as finite impulse response filter, infinite impulse response filter, and polynomial regression filter [33] - [35] . Due to the inherent nonstationarity of tissue motion, several data adaptive filters have been proposed such as the down-mixing method and the eigenvector regression filter which takes into account the tissue velocity and acceleration [36] - [38] .
CRF is used mostly for the complete attenuation of the tissue motion. Here, CRF is used to reject or attenuate only a range of tissue velocities partially. In this way, the aim is to attenuate only the tissue velocities induced by the mechanical wave propagation. These waves will then be visible as darker/gray bands in the B-mode sequences following the propagation of the mechanical wave. This principle is depicted in Fig. 1 . Moreover, this technique also attenuates the stationary component in the manner of pulse inversion techniques [24] , [25] .
B. Clutter Filter Wave Imaging Method
CFWI consists of four main steps, as shown in Fig. 2 . 1) Clutter Filter: CFWI uses the stop and transition band of the clutter filter to attenuate the Doppler frequencies corresponding to the tissue velocities of the wave propagation of interest. Depending on the width of the transition region and the stopband attenuation, the filter will attenuate a broad or more narrow range of tissue Doppler frequencies. These provide a mechanism for selecting the bandwidth of wave propagation velocities of interest. Several filter designs can be used, here the same causal first-order high-pass Butterworth filter was used for all three experiments with different cutoff frequencies corresponding roughly to the maximum tissue is filtered with an ideal high-pass filter with a cutoff velocity at 2 cm/s. The resulting medium will contain a fully attenuated (black) region, which corresponds to the removed 1 cm/s velocity. (b) Medium with three axial velocities (1 and 0.5 cm/s in green and >2 cm/s in red) is filtered with a conventional high-pass filter with a cutoff velocity >2 cm/s. The resulting medium will contain two partially attenuated (gray) regions corresponding to the attenuated 1 and 0.5 cm/s velocities. If those velocities propagate along the medium, the black/gray regions will also propagate. Fig. 2 . CFWI method. The processing is depicted using a left ventricular example. The IQ or RF sequence is clutter filtered using a high-pass filter (1). After envelope detection (2), the resulting sequences are spatiotemporally filtered (3), and finally differentiated in time (4). velocity ( Fig. 3) . The filter was applied in the time dimension. The normalized cutoff frequency f c n is defined as
with
and
where V c is the cutoff velocity, to be chosen according to the tissue velocity of the studied medium, c 0 is the speed of sound, FPS is the frame rate, f 0 the transmit frequency, vNyq the Nyquist velocity, and f c is the cutoff frequency in hertz.
2) Envelope and B-Mode Detection:
The resulting RF sequences were envelope detected using the absolute value of the Hilbert transform, while IQ sequences were envelope detected using the absolute value of the IQ data. A logarithmic compression can be performed to extract the B-mode image.
3) Spatiotemporal Smoothing: Spatiotemporal averaging (low-pass filter) of the resulting sequences can be used to increase the signal-to-noise ratio (SNR) of the data, reducing the variance in the following mechanical wave slope estimation. While this step is necessary for the detection of mechanical waves using a motion estimation method, it will be shown that CFWI can detect waves without it.
4) Time Gradient:
The resulting sequence is differentiated in time to recover an image of the tissue acceleration. Because the foot of the mechanical wave is defined as the inflection point, at which the temporal derivative of the velocity (i.e., wall acceleration) attains its maximum before the peak velocity, this last step allows better detection of the tissue velocity propagation for visualization of mechanical waves and estimation of the wave velocities.
C. Comparison Method
The presented technique was compared to the acceleration map obtained by a similar TDI approach. The comparative method was implemented by taking the phase of the spatiotemporal filtered lag-one autocorrelation of the IQ signal as follows:V
where R x (1) represents the phase angle of the spatiotemporal filtered autocorrelation with lag-one. In order to realize a fair comparison, and because the TDI technique typically needs spatial and temporal low-pass filtering, the same filters and filter parameters were used for The temporal interval associated with the FWHM of the tissue velocities for the mechanical wave, averaged over a spatial ROI. SNR was defined as the ratio of the mean and the standard deviation of the tissue velocities comprised within the FWHM and the ROI.
both methods. The spatiotemporal filtering was applied before the angle detection for TDI, and after the clutter filter for the CFWI. TDI and CFWI were performed in consecutive frames on entire sequences. Spatiotemporal acceleration maps (Figs. 6, 8, and 12) were extracted by averaging a region of interest (ROI) along the thickness of the wall for the carotid and cardiac experiments and the depth for the shear waves imaging experiment. In this paper, both methods were compared for three different parameters.
1) Ws: The temporal full-width at half-maximum (FWHM) of the tissue velocities associated with a mechanical wave, averaged over a spatial ROI. 2) SNRs: SNR was defined as the ratio of the mean and the standard deviation of the tissue velocities within the FWHM and the ROI.
where μ and σ are, respectively, the average amplitude and the standard deviation of the signal in the band defined by the two time samples found previously [ Fig. 4 (blue line)]. 3) In addition, the precision of the mechanical wave velocities was obtained by calculating the standard deviation over several cardiac cycles in a single subject. Finally, for the shear wave experiment, the frequency content of the dispersion curve was used qualitatively to compare both methods using the method from [39] .
D. Experiments
CFWI was evaluated with three different experiments; for the detection of shear waves in a tissue-mimicking phantom, PWVs in the carotid artery, and mechanical waves in the left ventricle. Written consent was obtained from each volunteer.
1) Shear Wave Imaging in a Tissue-Mimicking Phantom:
For data acquisition, a Vantage 256 system (Verasonics, Kirkland, WA, USA) and L11-4v probe (128 elements, driven at 4.8 MHz, 0.3-mm pitch, 28-mm elevation focus) were used. The system allows switching between the acoustic radiation force impulse (ARFI) sequence for the generation of shear waves and an ultrafast imaging sequence to image the rapid shear wave propagation. Only 64 elements were used for the transmission of ARFI pulse of 100 μs, while the ultrafast imaging was realized by transmitting plane waves with 128 elements, at 10 kHz and with a pulselength of 0.2 μs. A homogeneous tissue-mimicking phantom made of poly(vinyl alcohol) (PVA) was used. CFWI was performed with a cutoff frequency set at 468 Hz in order to attenuate tissue velocities below 7.5 cm/s (corresponding to the maximum tissue velocity found by TDI). CFWI was performed with and without logarithmic compression according to the desired outcome. A logarithmic compression was used for the visualization of the shear wave and the estimation of the group velocity, while no log compression was used for the estimation of the dispersion curve, to not disturb the linearity of the results. For the same reason, the estimation of the dispersion curve was achieved without any smoothing method. For the group velocity estimation, the spatiotemporal acceleration maps were smoothed with a moving average filter of four time samples and two spatial samples (0.4 ms × 0.3 mm). The local assessment of group velocity was achieved by estimating the time of flight between two time points during the shear wave propagation. The time-of-flight estimation is based on the 1-D CC of the local spatiotemporal acceleration map corresponding at ROI at a certain depth. This technique is similar to the method used in [39] .
2) Pulse Wave Velocity Estimation in the Carotid Artery: The same setup as used for the shear waves experiment was also used in this experiment. Only a single plane wave insonification was transmitted for the reconstruction of one image, reaching 3000 FPS. The raw RF data was beamformed using Stolt's method for plane wave imaging [40] . The longitudinal (long axis) view of the right common carotid artery of one healthy subject was scanned during 3 s and 4 times to include 12 cardiac cycles. CFWI was performed with a cutoff frequency set at 68 Hz to attenuate the tissue velocity below 1 cm/s (corresponding to the maximum tissue velocity found with TDI). No logarithmic compression was used in this experiment, only envelope detection. The spatiotemporal acceleration maps were smoothed with a moving average filter of 10 time samples per five spatial samples (3 ms × 1.5 mm). The foot of PWV was defined as the inflection point, at which the temporal derivative of the velocity (i.e., wall acceleration) attains its maximum before the peak velocity was extracted and was plotted against the distance traveled by the PWV. A linear regression fit was applied to the time-distance plot. The wave velocities were then calculated as the reciprocal of the linear regression slope. In order to provide an indicator of the robustness, the average and standard deviation value of each wave velocities (forward, reflected, and dicrotic notch waves) were calculated from the 12 consecutive cardiac cycles.
3) Mechanical Wave Detection in the Left Ventricular Myocardium: For data acquisition, a locally modified Vivid E95 scanner (GE Vingmed Ultrasound, Horten, Norway) with a 1.5D M5Sc-D cardiac probe with a 3.5-MHz central frequency was used. Ultrafast imaging was achieved by trans- mitting six plane waves (−35 • to 35 • ) to cover the ROI (no compounding), resulting in 820 FPS. The left ventricle of one healthy subject was scanned in the four-chamber view during 2 s and three times to produce six full cardiac cycles. CFWI was performed with a cutoff frequency set at 114 Hz in order to attenuate the tissue velocities below 2.5 cm/s. A logarithmic compression was used in this experimentation. The spatiotemporal acceleration maps were smoothed with a moving average filter of 30 time samples and 10 spatial samples (36 ms × 4 mm). The mechanical wave velocities were estimated using the same method as used for the estimation of the PWV velocity.
III. RESULTS
A. Shear Waves in a Tissue-Mimicking Phantom
The results obtained with TDI and CFWI following a single push are shown in Fig. 5 . The acceleration amplitudes were normalized in order to compare both methods. The shear wave is visible for both methods; however, its propagation is more visible with CFWI along the depth and the time axes. Indeed, CFWI seems to be less affected by the wave attenuation compared to TDI, and so we are able to detect the shear wave more clearly along the sequence.
This difference is also visible in Fig. 6 , where the spatial average value (in depth), over the ROI shown in Fig. 5 , is depicted for the TDI, CFWI, and CFWI without a logarithmic compression. CFWI results without logarithmic compression are more similar to the TDI results and degrade due to the wave attenuation. However, the red curves representing the amplitude of the corresponding spatiotemporal map at different Fig. 6 . Normalized spatiotemporal maps obtained with TDI, CFWI, and CFWI without a logarithmic compression. On the right of each case, the blue curve corresponds to each spatial sample along the time. In order to better visualize the differences, one sample for every 10th sample is depicted in red. lateral distances along the time showed that the shear waves are described better for the CFWI methods.
The average shear wave velocities estimated, over the ROI shown in Fig. 5 , with TDI, CFWI, and CFWI without logarithm compression, in m·s −1 , are 4.22 ± 1.03 and 4.34 ± 0.72, and 4.34 ± 0.72 m·s −1 , respectively. Fig. 7 shows the dispersion curve estimated using TDI and CFWI. Both curves are very similar; however, two differences can be observed. First, a bump is visible, around 400 Hz, in the CFWI results. Second, CFWI seems to be able to detect the shear waves up to 2.5 kHz, while TDI detects them up to 1.5 kHz. 
B. Pulse Wave Velocities in the Carotid Artery
An example of the results obtained with TDI and CFWI for one cardiac cycle in the lower wall is depicted in Fig. 8(a) . The results show that both techniques can detect PWVs. Indeed, the forward, reflected, and dicrotic notch waves are clearly described by both methods. However, qualitatively, CFWI seems to detect the mechanical waves with a better temporal resolution of the slope, which could allow for a more accurate mechanical wave velocity estimation. Moreover, the results show that CFWI can, additionally, detect the zero crossing of velocities using the acceleration map.
To quantify the differences, the average mechanical wave velocities, Ws, and SNRs, estimated over 12 cardiac cycles and the corresponding standard deviations are depicted in Table I . First, the results show that both methods gave the same average values for the forward, reflected, and dicrotic notch waves, which again were in agreement with findings in the literature [13] , [15] , [41] . However, the standard deviation estimated over 12 cardiac cycles is better for the CFWI. Also, the results show that CFWI allowed better Ws than TDI while keeping the SNRs in the same order of magnitude.
Furthermore, Fig. 8(b) illustrates that CFWI does not need any spatiotemporal averaging compared to TDI to detect the different mechanical waves in this example.
By mapping the CFWI results, the mechanical wave propagation can be visualized directly on the B-mode sequences. An example of the mechanical wave visualization on the carotid artery is shown in Fig. 9 . The propagation of PWV was here more accessible using CFWI than TDI.
The effect of the spatiotemporal averaging filter on the mechanical wave velocity estimation is depicted in Fig. 10 . The estimated mechanical wave velocity increases with the size of the spatiotemporal averaging windows.
The velocity of the forward and dicrotic notch waves, propagating in the carotid artery, was estimated with different cutoff frequencies from 30 to 95 Hz. The results are shown in Fig. 11 , estimated for one single cardiac cycle. The average value over the different cutoff frequencies and the corresponding standard deviation for the forward waves and dicrotic notch waves are, in m·s −1 , 4.61 ± 0.15 and 5.19 ± 0.18.
C. Natural Mechanical Waves in the Left Ventricle
An example of the results obtained with TDI and CFWI for one cardiac cycle is depicted in Fig. 12 . Five different tissue velocity propagations were found and indicated in (1)- (5) of Fig. 12 . First, concerning the septal wall, both methods Same spatiotemporal map computed without using any moving average filter. The three above mentioned waves are still clearly visible using CFWI. As CFWI is not able to differentiate a positive or negative velocity, a swap in color can be visible between TDI and CFWI (dicrotic notch). This phenomenon is discussed in Section IV. showed equivalent results, the five propagation events were well detected with approximatively the same speed. Nevertheless, the different slopes corresponding to the propagation of velocity are more pronounced with the CFWI method, especially in the apical region. Concerning the lateral wall, CFWI exhibited improved depiction of all mechanical wave propagation in this example, which is clearly shown in Fig. 12 . Fig. 10 . Effect of the spatiotemporal averaging window on the estimated PWV velocity propagating for the carotid artery. Fig. 11 . Velocity of the forward and dicrotic notch waves propagating on a carotid artery according to CFWI cutoff frequency ranging from 30 to 95 Hz.
The average a [ Fig. 12 (2) ] and AVC [ Fig. 12 (5) ] mechanical wave velocities, Ws, and SNRs, estimated over six cardiac (5) indicate different velocity propagation events found in these maps. Because CFWI is not able to differentiate a positive or negative velocity, a swap in color can be visible between TDI and CFWI (4). This phenomenon is elaborated in Section IV. cycles, and the corresponding standard deviations are given in Table II . First, the results show that both methods return the same average values for both waves, which were in agreement with findings in the literature [19] , [21] , [22] . However, the standard deviation estimated over six cardiac cycles is better for the CFWI. Furthermore, the results show that CFWI allowed better Ws than TDI while keeping the SNRs in the same order of magnitude. By mapping the CFWI results, the mechanical wave propagation can be visualized directly on the Bmode and anatomical M-mode sequences. An example of the mechanical wave visualization on the left ventricle is shown in Fig. 13 . The propagation of the a wave is more accessible using CFWI than TDI for both walls.
IV. DISCUSSION
In this paper, a new method for detecting the propagation of mechanical waves in tissue without motion estimation is presented. Motion estimation methods such as TDI has the advantage of extracting two linked parameters, namely, the velocity of the tissue and the locality of the tissue velocity. Nevertheless, even if the tissue velocities themselves could be clinically useful, only the locality of the tissue velocity is needed to be able to detect the mechanical waves and estimate the propagation velocity. The presented method, named CFWI, was used to detect the locality of the tissue velocities induced by the mechanical waves, which can be used afterward to extract other information about tissue characteristics.
In CFWI, the transition band of a clutter filter attenuates the desired tissue-Doppler frequencies; in this manner, the propagation of the corresponding velocity band will be visible as an attenuated region in the resulting B-mode sequences, propagating with the tissue displacements caused by the mechanical wave. Consequently, the transition band of the clutter filter can be set according to the range of velocities to be accentuated. In this paper, we chose the maximum tissue velocity as a parameter for the CFWI process to detect all the mechanical waves, even if they induced motion with different amplitudes and even if there is a general motion on the top of the wave motion. The high-pass cutoff frequency and the order of the filter were chosen empirically for this purpose. Nevertheless, it is possible to attenuate only a smaller range of tissue velocities by increasing the order of the filter and by using an adapted cutoff frequency.
First, the presented method has been evaluated for the detection of shear waves introduced by radiation force on a tissue-mimicking phantom. The results showed that CFWI was better able to visualize the shear wave propagation along depth and time (Figs. 5 and 6 ). The amplitude of the CFWI spatiotemporal map did not degrade in time as much as the TDI results. This phenomenon is explained by the fact that a logarithmic compression is used during CFWI processing. The logarithmic compression did not affect the estimation of the mechanical wave velocity. Second, the dispersion curve was estimated to evaluate the effect of CFWI on the frequency content of the detected shear waves. It was shown that CFWI could detect the shear waves up to 2.5 kHz in this example, while TDI approximately detects them up to 1.5 kHz. The improvement of the temporal resolution by CFWI can be explained by the fact that the method keeps a higher temporal frequency content of the data which will increase the temporal resolution of the wavefront. Moreover, the dispersion curves obtained with both methods presented a difference at around 400 Hz. This singularity can be due to the detection of a second mode of the shear waves by CFWI or due to the highpass filter, which was set with a cutoff frequency at 465 Hz in this experiment.
CFWI was further evaluated in vivo for the detection of the PWV propagating in a carotid artery. We showed that CFWI detects the forward, reflected, and the dicrotic notch waves and gives very similar results to the results obtained with TDI. The different mechanical wave velocities were estimated using the acceleration map resulting from both approaches. We showed that the mechanical wave velocities, estimated by CFWI, were more consistent than those estimated with TDI. These results can be explained by the fact that the temporal resolution and the SNR of the slope were found superior with CFWI.
Moreover, this result showed that CFWI did not need any averaging filter to be able to detect the propagation of the PWV. Indeed, as shown in Fig. 10 , the PWV estimation can depend on the spatiotemporal filtering. A larger spatiotemporal window will lead to a higher estimated mechanical wave velocity estimation in this example. As the spatiotemporal filter spreads the mechanical wavefront in space and time, it increases the speed of the wave artificially. Hence, the spatiotemporal window has to be as small as possible in order to affect as little as possible the estimation of the wave speed.
The effect of the cutoff frequency on mechanical wave velocity was studied (Fig. 11) . The variation of the estimated velocity is inferior to the variation using one single cutoff frequency over 12 cardiac cycles. These results allow us to claim that the estimated PWV velocities are robust concerning the choice of cutoff velocity. Finally, the acceleration obtained by each approach were mapped onto the B-mode sequences. We showed that the PWV velocity is more accessible with CFWI. This can be explained by the fact that CFWI detected the PWV with a better temporal and spatial resolution.
Finally, CFWI was evaluated for the detection of mechanical waves propagating along the left ventricle of a healthy volunteer. For this experimentation, the maximum tissue velocity was very close to the Nyquist velocity limit. A first-order Butterworth filter with a cutoff frequency corresponding to the maximum velocity would be equivalent to a simple differentiator filter and would not give the expected results. Consequently, a third-order Butterworth filter with a cutoff frequency corresponding to half of the maximum tissue velocity was empirically chosen. For cardiac imaging, the results show that the presented method can better detect the mechanical waves around the apical region and the lateral wall than TDI. Two different factors can explain the poor quality of the results obtained with TDI. First, the poor quality of the IQ image sequences and aliasing deteriorated the velocity estimation. Better image quality and higher frame rate could allow better TDI results. Besides, if we assume that some of these waves are shear waves (propagation of motion perpendicular to the tissue, along with the tissue); both methods detect the axial component of this motion. Consequently, if the left ventricle wall is perfectly aligned with the beam axis, the detection of the mechanical waves will be more difficult. Overall, despite the poor quality of the image sequence, and the difficulty in detecting the mechanical waves in the four chambers view, CFWI gives promising results and seems to be more sensitive to small motion induced by the mechanical waves. Only the velocities of the a wave [ Fig. 12 (2) ] and AVC wave [ Fig. 12 (5)] were estimated because they were the only waves detected with consistency over multiple cardiac cycles using TDI. However, the velocity of the other waves detected with CFWI can be estimated with consistency and will be investigated in future work.
Despite the promising results obtained with CFWI, the method presents three main disadvantages. The first one is related to the fact that CFWI is not able to differentiate the mechanical waves induced by a positive or negative velocity. Indeed, some of the detected mechanical waves, such as the dicrotic notch waves for the carotid or mechanical wave event (4) in Fig 12 for the left ventricle, appear with different colors in the figure. The estimation of the tissue velocity curve is then essential to understand where the mechanical waves are coming from. A potential improvement will be to use two filter operations to separate the positive and negative components.
Furthermore, as it is shown in this paper, the clutter filter cutoff and design determine the tissue velocities of interest and will need to be determined for a given application. The presented method could be further developed to adapt the cutoff frequency over time and to the estimated tissue velocity; in this way, the wave detection induced by different tissue velocities could be improved. Finally, since a possible zerocrossing from a combined rotation and translation motion is projected as a traveling wave, CFWI may give a false wave detection, if this combined motion occurs during an actual wave propagation (note that this phenomenon did not appear in our experiments).
V. CONCLUSION
A new method able to detect the propagation of mechanical waves in tissue without using motion estimation has been presented. The technique was evaluated for the propagation of the PWV in a carotid artery, mechanical waves in the left ventricle, and shear waves induced by radiation forces in a tissue-mimicking phantom. The results were compared to TDI and showed that CFWI could detect the mechanical waves propagating in tissue with better consistency. On average, the relative resolution of the slope and the relative consistency of the mechanical wave velocity estimated were found to be 30% and 40% higher than for TDI, respectively. Second, the results show that CFWI could detect mechanical waves with a relative frequency content 40% higher than TDI for a shear wave imaging experiment.
